I. INTRODUCTION
Eddy current devices have been employed in many industrial applications, such as coupler, damper, brake, or transmission [1] - [5] . Compared with the traditional mechanical contact devices, the main advantages of the eddy current devices are isolated protection, absence of physical contact, free from ripple torque, and great tolerance to shaft misalignment [6] . However, the use of eddy current device will bring speed drop to the load side and add additional moment of inertia. To reduce these impacts to the drive system, the optimization design for eddy current device is introduced to obtain high efficiency and low moment of inertia [7] - [9] .
In the optimization design of the eddy current device, the performance of the designed device is predicted by the numerical method or analytical model [10] , [11] . Though the result of the 3-D finite element method (FEM) is very close to the practical measurement, the 3-D FEM simulation is computationally expensive in terms of time and computer hardware. Compared with the numerical method, the analytical model which can provide fast and relatively accurate result is more appropriate to be used in the design stage [12] - [15] . The analytical model of the eddy current device has been researched abroad. By solving the distribution of the magnetic field and eddy current under steady-state condition (the slip speed is constant), the torque of the eddy current device can be calculated from current loss, Lorentz force or Maxwell tensor [16] - [23] . The maximum torque of the eddy current device is an important performance index [24] , [25] , while the relationship between the maximum torque and the geometrical parameters is not explicit in the existing analytical models. Due to the slip speed at maximum torque is unknown, the maximum torque cannot be evaluated from the geometrical parameters of the eddy current device directly. As a result, the whole torque-slip speed characteristic need to be calculated to find out the maximum torque, which increases the time consumed in the optimization design.
Because of the torque transmitted by the eddy current device is not realized through mechanical connection, there exists a delay time in the transmitted torque or speed during operating status variation [6] . The prediction of the speed responses on the two sides of the eddy current coupler is very important, especially in the design of the controller for the drive system with eddy current device and calculation the brake time or heat of the braking process. However, most of the analytical models of eddy current device are developed under steady-state condition, which cannot be used to study the transient performance of eddy current device. Based on the 2-D approximation of the magnetic field distribution, a simple analytical expression for the transmitted torque is developed, and the transient performance of the eddy current coupler is studied in [26] . Under the low slip speeds assumption, the reaction field due to the eddy current is neglected, and the torque is proportional to the slip speed. To improve the accuracy of the 2-D torque result, the 3-D correction is employed, and the transient analysis of eddy current coupler is obtained from the motion equation for rotating rigid bodies. The main drawbacks of this transient analysis method are the low accuracy of the 2-D torque formula and the limitation for low slip speeds.
The main contribution of this paper is to propose a new approach to study the steady-state and transient performances of an axial-flux eddy current coupler. To this end, the equivalent circuit model of the eddy current coupler is employed, and the relationship between the equivalent circuit parameters and the geometrical parameters is developed, then the magnetic flux density and eddy current density which contribute to the torque can be calculated from the equivalent circuit parameters in both steady-state and transient conditions. The equivalent circuit model has clear physical meaning and takes the reaction field of the eddy current into account. As a result, closed-form expressions for the slip speed at maximum torque and maximum torque about the geometrical parameters are obtained, and the transient analysis of the eddy current coupler for high slip speed values is performed.
II. MODELING ASSUMPTION
The structure of the axial-flux eddy current coupler considered in the present work is reported in Fig. 1 . It consists of two facing back iron layers equipped with copper plate and rare-earth permanent magnets of alternating polarity respectively. The axial-flux eddy current coupler is an inherent 3-D cylindrical model from the modeling point of view, however the solution of the magnetic flux density in the cylindrical coordinate system is rather complicated which is not convenient in both computation and analysis. For simplicity, some assumptions are adopted in the following analysis.
1) The 3-D cylindrical model of the axial-flux eddy current coupler is reduced to a 3-D linear model. 2) The permeability of each layer is constant, and the relative permeability of the permanent magnets is 1.
3) The back iron layers are considered with infinite magnetic permeability. 4) The eddy current and torque in the primary back iron are neglected. It has been confirmed in [27] that the 3-D cylindrical model of the axial-flux eddy current coupler can be equivalent to a 3-D linear model shown in Fig. 2 by adopting the linearization assumption at the mean radius of the eddy current coupler without important errors. The sectional views of the 3-D linear model in the xz and yz planes are shown in Fig. 3 , where the x-coordinate represents the circumferential direction, the y-coordinate represents the radial direction, and the z-coordinate represents the axial direction. As the iron yokes present an infinite permeability, the magnetic field has to be determined can be reduced (only in region II, III, and IV), and this hypothesis can be regarded as accurate, because the thickness of the back iron must be designed to avoid the magnetic saturation [22] . The torque produced in the primary back iron is small compared with that in the copper plate, so the eddy current and torque in the primary back iron are both neglected.
III. EQUIVALENT CIRCUIT MODEL OF EDDY CURRENT COUPLER
Based on the 3-D linear model of the axial-flux eddy current coupler, the distributions of the magnetic field and eddy current are obtained by solving the Maxwell equations under steady-state condition in [22] , and the analytical solution of the z-component of the magnetic field intensity in region II is given by 
and
where Re denotes the real part of a complex number, n and k are odd integers,q is a complex number (the detailed expression ofq can be found in the appendix of [22] ), B r is the remanent flux density of the permanent magnets, µ 0 is the permeability of air, σ is the conductivity of copper, v x is the relative velocity between permanent magnets and copper in the x-direction, 1 is the speed of copper disk, and 2 is the speed of permanent magnets disk. From (1), the z-component of the average magnetic flux density in region II can be expressed in terms of a double Fourier series in the x-and y-directions as
whereB nk is the average harmonic amplitude of B zII , and ϕ nk is the phase in the x-direction caused by the reaction field effect of the eddy current. The analytical solution of the y-component of the eddy current density in region II obtained in [22] is given by
From (2) and (6), it can be observed that
Then, the y-component of the average eddy current density in region II can be expressed in the form of double Fourier series as
Because of the eddy current in the copper conductor is continuous (∇ · J II = 0) and the z-component of the current density is null (J zII = 0 confirmed in [22] ), the x-component of the average eddy current density in region II can be obtained as
From the distributions ofJ xII andJ yII , it can be observed that current loop is formed in the volume element V nk of copper conductor, and V nk can be expressed as
By considering V nk as a winding with resistance R nk and inductance L nk , the equivalent circuit model of the eddy current coupler is proposed in [28] , and the flux linkage equation, voltage equation, and torque equation are developed similar to the induction motor. VOLUME 6, 2018
A. FLUX LINKAGE EQUATION
When the permanent magnets move relative to the copper conductor in velocity −v x along the x-direction, the magnetic flux density can be treated as a source of traveling waves [29] , and the flux linkage equation of equivalent winding V nk is given by
where nk (t) is the total magnetic flux, 0nk (t) is the static magnetic flux produced by the permanent magnets, i nk (t) is the winding current, andB 0nk is the average harmonic amplitude of the z-component of the static magnetic flux density in region II.
B. VOLTAGE EQUATION
The voltage equation of the equivalent winding V nk is given by
where E 0nk (t) is the electromotive force generated by the time-varying magnetic flux 0nk (t).
C. TORQUE EQUATION
According to the Lorentz force formula, the torque of the eddy current coupler can be calculated as
where p is the pole pair number. Denoting I nk is the amplitude of the winding current i nk (t), the relationships between I nk ,J xnk , andJ ynk are obtained in [28] and given by
The torque equation (13) can be updated as
nk kπI nk (15) In the equivalent circuit model of the eddy current coupler, B 0nk , R nk , and L nk are three equivalent circuit parameters, then the relationships between the equivalent circuit parameters and the geometrical parameters of eddy current coupler are studied as follow.
D. STATIC MAGNETIC FLUX DENSITY
When the relative velocity v x is zero, β nk = α nk is a real number, andH zII (z) is a real function which influences the amplitude of H zII only. From (2),B 0nk can be obtained as (17) Substituting (8) and (14) into (17), the equivalent resistance of the equivalent winding V nk is obtained as
The equivalent inductance is the ratio of the reaction field flux and winding current. In order to calculate the reaction field flux, the distribution of the magnetic field produced by the eddy current is solved in the 3-D Cartesian coordinates. It has been shown in [28] that the equivalent inductance changes with the slip speed, and the variation range is small throughout the working area of the eddy current coupler. The change of the equivalent inductance is due to the distribution of the eddy current density along the z-direction is influenced by the slip speed. Because of the equivalent inductance varies weakly, it can be assumed that the eddy current density is uniformly distributed along the z-direction as
According to Ampere law, the uniformly distributed loop current can be equivalent to permanent magnets which are axially magnetized, and the magnetization of the equivalent permanent magnets is given by
With the assumption that the magnetic permeability of the back iron is infinite, only the magnetic field in region II, III, and IV need to be determined. To solve the magnetic field produced by the equivalent permanent magnets, the magnetic scalar potential is employed, and the magnetic field intensity can be expressed in terms of magnetic scalar potential φ i as
where H i denotes the magnetic field intensity in region i. The magnetic scalar potential satisfies the Laplace's equation in region II, III, and IV respectively
From the variable separation method (VSM), the general solution of the Laplace's equation can be obtained as 
where A nk -F nk are unknown coefficients which can be determined by the field continuity and the boundary condition.
As the back iron layers are considered with infinite magnetic permeability, the interface conditions can be expressed as
Using the six independent linear equations given above, the unknown coefficients A nk -F nk can be calculated. The winding current of V nk is I nk , and the reaction field flux of V nk can be calculated from magnetic scalar potential φ II as
Then the equivalent inductance of winding V nk is obtained as
The magnetic flux density and eddy current density which can contribute to the torque are the solutions of the flux linkage equation and voltage equation. Once the equivalent circuit parameters B 0nk , R nk , and L nk are obtained, the flux linkage equation and voltage equation can be solved in both steady-state and transient conditions. Thanks to the equivalent circuit model, both the steady-state torque and transient torque of the eddy current coupler can be calculated.
IV. STEADY-STATE ANALYSIS
In steady-state condition, the relative velocity v x is a constant, so the electromotive force E 0nk (t) is a sinusoidal voltage. The winding current i nk (t) is the solution of the voltage equation which performs as a sinusoidal steady-state circuit
where ω is the angular speed.
From (12) and (28), the relationship betweenB nk andB 0nk at steady state is obtained as
Substituting (28) and (29) into (15), the steady-state torque formula of eddy current coupler is given by
To show the effectiveness of the equivalent circuit model, the steady-state performance of an axial-flux eddy current coupler prototype is studied, and the calculation results are compared with the 3-D FEM simulations and experimental tests. The analytical results are calculated with finite number of harmonic terms (1 ≤ n ≤ 15 and 1 ≤ k ≤ 9). The 3-D FEM simulations are carried out on the COMSOL Multiphysics software with the actual geometry of the coupler prototype. The reaction field of the eddy current and the nonlinear magnetic property of the back iron (steel 1010 is used in the FEM simulation) are considered, and the mesh in each region has been refined until convergent results are obtained. For the experimental validation, an axial-flux eddy current coupler prototype is manufactured, and the geometrical parameters of the coupler prototype are given in Table 1 . From (4) and (29), the distribution of the average magnetic flux density (z-component) in the copper plate is calculated. From (8) and (29), the distribution of the average eddy current density (y-component) in the copper plate is calculated, and Fig. 9 compares the y-component of the average 
D. TORQUE-SLIP SPEED CHARACTERISTIC
From (30), the torque-slip speed characteristics of the studied coupler is calculated, and Fig. 10 shows the comparison among the torque-slip speed characteristics obtained by the analytical model, 3-D FEM simulation, and measurement data. The torque-slip speed characteristic of the eddy current coupler is a curve approximating the second degree polynomial. As the slip speed increases, the developed torque increases, and a peak torque is reached due to the reaction field of the eddy current. In order to guarantee the normal rotation of the load side, the working area of the eddy current coupler should be designed below the maximum torque. It can be seen in Fig. 10 that the torque-slip speed characteristic is well predicted by the analytical model. In the working area, the deviations between the analytical result and the 3-D FEM simulation are not greater than 2.5%, and the deviations between the analytical result and the experimental data are not greater than 3.5%, which demonstrates the validity of the equivalent circuit model.
The maximum torque of the eddy current coupler is an important performance index in the optimization design. The efficiency of the eddy current coupler is given by
The efficiency of the eddy current coupler decreases with the slip speed increasing. To provide high efficiency, the maximum torque of the eddy current coupler is better to be designed as 2 to 3 times of the rated torque of load. As shown in Fig. 10 , the slip speed at maximum torque and maximum torque are well predicted by the analytical model. Furthermore, the first harmonic component plays a dominant role in the torque transmission for eddy current couplers (around 98% of the total torque) [29] , as a result the maximum torque of the eddy current coupler can be evaluated by the first harmonic component of the magnetic field distribution as
It can be observed that the maximum torque of the eddy current coupler is a constant which is determined by the geometrical parameter. From (33), the maximum torque is calculated as 35.12 N·m which is close to the 3-D FEM simulation result 35.51 N·m. It is worth noting that the maximum torque of the eddy current coupler can be evaluated from (33) directly, whereas the whole torque-slip speed characteristic need to be calculated to find out the peak value of the developed torque through the existing analytical models. Thus the equivalent circuit model of eddy current coupler can be used as a fast analysis tool in the preliminary design stage.
V. TRANSIENT ANALYSIS
In transient condition, the relative velocity v x is a variable. When angular speed changes from ω 0 to ω, the winding current i nk (t) can be calculated as the transient solution of VOLUME 6, 2018 the voltage equation
where I nk (t) is the amplitude of i nk (t) which is a function of time at transient state.
In this case,B nk is also a function of time. From (11) and (34),B nk (t) can be calculated as
Substituting (34) and (35) into (15), the transient torque formula of eddy current coupler is obtained as
To study the transient performance of the eddy current coupler, a general drive system which consists of dc motor, eddy current coupler, and load is studied, and the scheme of the general drive system is shown in Fig. 11 . The transient performance of the drive system can be obtained by solving the transient torque and the motion equation for rotating rigid bodies, and the motion equation of the drive system is given by
where J 1 denotes the moment of inertia of dc motor, J 2 denotes the moment of inertia of load, T dc is the torque of dc motor, and T L is the torque of load. The torque of the dc motor can be calculated from the analytical model as
where U a is the armature voltage, E a is the back electromotive force, I a is the armature current, R a is the resistance of armature winding, C e is the electromotive force constant, is the air gap flux, and C T is the torque constant. 
Selecting currents (I nk (t) and I a ) and speeds ( 1 and 2 ) as state variables, the speed response of the drive system can be calculated by solving the state equations (37), (39), and (40). The fundamental harmonic plays a dominant role in the total torque (about 99% for the studied coupler), so only the first harmonic of the torque is considered in the following performance analysis.
To confirm the validity of the equivalent circuit model, the transient performance of the coupler prototype is studied, and the analytical results are compared with the experimental results. The experiments are carried out on the test bench shown in Fig. 12 . A 15 kW dc motor is used as the prime mover, and the same dc motor is used as the generator load. Two encoders (1024 points/resolution) have been placed on the dc motors to measure the speeds on both sides of the coupler. A torque sensor is placed between the coupler and load to measure the torque of dc motor. The technical data of the dc motor is shown in Table 2 . In this section, three types of test are carried out. The first test concerns the speed response when the eddy current coupler acts as a brake. In the second test, the transient performance for a sudden change in the speed of the prime mover is studied. The last test concerns the speed response when an abrupt load variation is applied.
A. TRANSIENT PERFORMANCE DURING BRAKING
For this test, the dc motor is connected to a constant-current power to produce a step input on T dc (T dc = 5N·m), and the load part is locked in which the eddy current coupler acts as a brake. In this case, the motion equation (37) can be simplified as
With initial values I nk (0) = 0 A and 1 (0) = 0 r/min, (39) and (41) are solved simultaneously (J 1 = 0.156 kg·m 2 ), and the speed response of the dc motor is shown in Fig. 13 . As shown in Fig. 13 , the transient behavior obtained by the analytical method is compared with the experimental result. Through a dynamic process, a steady-state speed is reached. Both the transition time and steady-state speed are well predicted.
B. TRANSIENT PERFORMANCE WITH DRIVE SPEED VARIATION
To accelerate the speed variation of the drive motor and prevent the armature current exceeding the rated current (38. deviation of the steady-state speed is due to the no-load torque which is neglected in the analytical method. It can be observed that a delay time exists for the speed between the dc motor and load after an eddy current coupler is used in the drive system, and the prediction of this transient process is very important in the design of the controller for the drive system with eddy current device. [26] ) are shown in Fig. 16 .
As shown in Fig. 15 , after a transient process the two sides of the coupler are once again in steady state but with a slip speed which is consistent with the torque-slip speed characteristic shown in Fig. 10 , and the analytical results are very close to the experimental results. However, it can be seen in Fig. 16 that an error appears in the steady-state speed of load due to the low slip speed limitation for the 2-D transient model. Compared with the transient analysis method proposed in [26] , the transient torque calculated by (36) takes the reaction field effect into account, thus the proposed transient analysis method is valid throughout the slip speed.
VI. CONCLUSION
In this paper, a new approach to study the steady-state and transient performances of the axial-flux eddy current coupler is proposed. Fast and accurate results of the predicted performances are obtained by the equivalent circuit model of eddy current coupler. The steady-state torque formula has clear physical meaning, as a result the expressions of the slip speed at maximum torque and maximum toque about the geometrical parameters are obtained, which shows the influence of the design parameters on the performance of the eddy current coupler clearly and decreases the time consumed in the optimization design. Due to the reaction field effect caused by the eddy current is taken into account, the transient analysis for high slip speed values can be achieved. Compared with the 3-D FEM simulation, this analytical method has similar accuracy but less computation time, which can be used as an efficient tool in the design stage of eddy current device.
